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Despite the importance of bees as pollinators, the use of fossils associated with their collected pollen as direct evidence for these associations remains virtually unexplored. Wappler et al. present 11 fossil bees with their pollen from the Eocene, providing a window into social bee pollen-collecting strategies and unexpectedly complex associations.
Iconic examples of insect pollination have emphasized narrowly specialized pollinator mutualisms such as figs and fig wasps [1] and yuccas and yucca moths [2] . However, recent attention by pollination ecologists has focused on the broad spectra of pollinated plants by generalist pollinators such as bees. Bees have great impact for formulating hypotheses regarding specialization versus generalization in pollination mutualisms [3, 4] . We report the pollination biology of six northern European species of an extinct tribe of pollen-basket-bearing apine bees, Electrapini, of early-middle Eocene age, examined from two deposits of 48 and 44 million years in age [5] . These bees exhibit a pattern of generalized, incidental pollen occurring randomly on their heads, thoraces, and abdomens, obtained from diverse, nectar-bearing plants. By contrast, a more restricted suite of pollen was acquired for metatibial pollen baskets (corbiculae) of the same bee taxa from a taxonomically much narrower suite of arborescent, evergreen hosts with uniform flower structure. The stereotyped plant sources of the specialist strategy of pollen collection consisted of pentamerous, radially symmetrical flowers with a conspicuous gynoecium surrounded by prominent nectar reward, organized in structurally similar compound inflorescences. Pollen specialization in bees occurs not for efficient pollination but rather in the corbiculate Electrapini as food for bee larvae (brood) and involves packing corbiculae with moistened pollen that rapidly loses viability with age. This specialist strategy was a well-developed preference by the early Eocene, providing a geochronologic midpoint assessment of bee pollen-collection strategies.
RESULTS
Pollination is vital to ecosystem health because it promotes the reproduction of seed plants and it also has a crucial role in intraspecific genetic exchange within and among populations, thus enhancing the health of terrestrial ecosystems. This vital feature of pollination biology is as true in the distant past as it is for the modern world. Given this context, we have identified pollen found on the bodies of 11 individuals from six bee species of the tribe Electrapini from the floristically and entomologically well-known Eckfeld and Messel sites, of middle Eocene age in west-central Germany [5] [6] [7] (Figure S1 ). These associational data provide a unique opportunity to test hypotheses about the evolution of bee pollen-collection strategies. Based on the elevated diversity of electrapine bees-31% of all 60 described Eocene bees are electrapines [3, 8] -and the prominence in which modern apine bees serve in studies of generalized versus specialized pollen-collection studies [9] , Eckfeld and Messel electrapines are ideally suited to explore patterns of foraging specialization among bees in the fossil record. Our results indicate two patterns of pollen acquisition that are important features in the pollination biology of extant apine bees.
Incidental Pollen Acquisition
The first pattern consists of a broad spectrum of contact with pollen sources, in which a diverse assemblage of pollen representing a broad distribution of habitats was incidentally picked up on the body of the bees as they encountered a variety of flower morphologies that included the Anacardiaceae, Araliaceae, Elaeocarpaceae, Fagaceae, Iridaceae, Lythraceae, Olacaceae, and Sapotaceae ( Figure 1 ) [10] . Twelve pollen taxa from these eight families represent a generalized mode of entomophily, of which four of the pollen taxa also included strategies of vertebrate pollination. These pollen taxa were found on the heads, thoraces, and abdomens of the electrapine bees but largely excluded the legs (Figure 1 ; Table 1 ). The pollen distributed on these body regions, minus the legs, generally are not actively collected in the absence of specialized setae modified for such collection, and no such setae have yet been documented in any species of Electrapini [6, 12] . Instead, such pollen is often picked up as a byproduct when bees visit flowers for nectar for their own consumption while out of the nest or other purposes during foraging or scouting bouts [13] . By contrast, pollen is also actively collected as a source of food for the developing brood, but such pollen in electrapines and other corbiculate bees is placed in the metatibial corbiculae (pollen baskets) for transport back to the nest (Figures 2 and S1 ). The presence of a diverse array of incidentally acquired pollen on multiple individuals demonstrates that the surrounding environment included diverse floral sources that were visited by the bees at some time during their flights but were not purposefully collected by the bees for their food provisions as corbicular pollen was of significantly different floral composition.
Selective Pollen Acquisition
The second and more biologically significant pattern was pollen taxa collected in the metatibial corbiculae. Generally, corbiculate bees use their proboscis and probasitarsi to remove pollen from the anthers of target flowers, with subsequent scraping motions by the foreleg employed to remove pollen from the mouthparts and head for transfer to the hind legs [14, 15] . Such pollen is almost invariably moistened with nectar. Pollen is then transferred to the mesobasitarsi and subsequently packed into the corbicula, either directly (likely homologous with the transfer of (Table S1 ). Examples of pollen grains obtained from specimens of multiple species of the electrapine genera Electrapis and Protobombus are depicted (refer to Supplemental Information). See Tables S2-S4 for summary statistics. pollen to the metatibial scopa in non-corbiculate bees) or is placed between the metatibia and metabasitarsal joint and on a posterior basal projection of the metabasitarsus (auricle, or ''pollen press''; apomorphically lacking in Meliponini) [14, 15] . Compression of the metatibia-metabasitarsal joint then pushes the pollen into the base of the corbicula, with repeated compressions gradually forcing progressively more of the mass onto the corbicular surface and until filled [14, 15] . Throughout the process, the bee may use its legs to help shape the pollen mass. Given different floral morphologies, varied behaviors are needed to loosen pollen from the anthers, and it is likely that electrapines were capable of the full spectrum of those behaviors observed among modern corbiculate bees, such as biting or buzzing anthers. While incidental pollen acquisition may be effective for the pollination of the floral species in question, the corbicular pollen is collected for the purpose of brood provisioning, and its moistening by the bees during collection impairs pollen viability [16] . Accordingly, moistened corbicular pollen, important for the nutrition of the bee's offspring, may not serve a reproductive role for the plant, and the ecological service of corbiculate bees is seemingly provided from incidental contact of unaltered pollen on their bodies.
The pollen contained in the corbiculae of different individuals of multiple electrapine species were distinctive and are attributable to specific plant taxa affiliated at the generic level for the Euphorbiaceae (spurges), Malvaceae (Tilioideae, lindens), and probably Nyssa (tupelo) of the Cornaceae (dogwoods) that collectively bore a distinctive type of flower ( [10] ; Table 1 ). Although many groups of angiosperms often possess pollen morphotypes that only approximately delimit their taxonomic affinities to source-plant taxa [17] , the coarsest level of affiliation that typically occurs is that of the family [18] , occasionally higher [19] . Fortunately other plant taxa, such as those in Euphorbiaceae [20] , Malvaceae [21, 22] , and Nyssa [18] , are highly distinctive and referable to their source plants at the generic level. It is for this reason that the pollen morphotypes identified in the bee Figure 12 , B, M-P More comprehensive source information for these pollen data is provided in [10] . a Taxonomy from the Angiosperm Phylogeny Group III (2009) [11] . b Palynological references provided in [10] . corbiculae are assignable to Euphorbiaceae, Malvaceae, and Nyssa and also exhibit a common, distinctive floral morphology. The pollen found in the bee corbiculae were produced by evergreen shrubs or trees whose distinctive flowers were small to medium size. These flowers were radially symmetric with pentamerous petals, bore superior ovaries that had prominent stigmas, and possessed tricolporate or triporate pollen prominently exposed on anthers that opened longitudinally by slits or terminally by pores. In addition to pollen, a major reward was nectar, produced either from a centrally placed nectary disc or as tufts of secretory glandular trichomes. The flowers were organized into compound cymes, compact umbels, or short racemes. Common features of the source flowers thus included a similar growth form, flowers with very similar anatomy (including pollen structure), and an accessible nectar reward. Other parallel data indicate that there was an extensive food web of Messel plant-pollinator interactions [23] , including monolectic entomophilous pollination by beetles [24] and oligolectic pollination by a nectarivorous bird [25] . The restriction of pollen taxa within the corbiculae, despite visitation of numerous other flowers that also were good nectar sources, demonstrates a selective preference for these floral lineages during the acquisition of food for nest provisioning.
DISCUSSION
The notion that specialization in plant-pollinator interactions is the norm was advanced by several classic examples of intricate, presumably interlocking mutualisms such as figs and fig wasps [1] and yuccas and yucca moths [2] . Subsequent examinations of some of these studies have provided a more nuanced interpretation of the one-for-one model of specialization as an explanation for these associations [26, 27] . Simultaneously, attention became focused on the ubiquity of generalization in pollination systems [3] . Although specification of the term is often nebulous, the best operable definition of generalization is the collection of a broad variety of pollen taxa by a foraging pollinator, referred to as polylecty [9] . By contrast, specialization, at least in its pure form, is the collection of a single pollen type from a plant-host species, known as monolecty [9] . The vast transitional zone between these two end members is oligolecty, which ranges from broadly oligolectic pollinators that approach polylecty to narrowly oligolectic forms that merge into monolecty [9] . The prevalence of these three major modes of pollen acquisition by foraging insect pollinators has been a contentious issue since the mid-1990s [3, 28] and currently forms a central exploratory program in pollination ecology [3] .
The existence of specialized pollination has not been borne out in some reexaminations of the original systems [3, 27] . Other studies, however, have validated or otherwise supported the existence of specialized pollination syndromes [26, 29, 30] . A pollination syndrome is a set of adaptive morphological features by a pollinator to forage on plant reward while simultaneously the pollinated plants evolve floral traits to display such reward [31] . Although the presence of specialized pollination systems was established exclusively for the modern flora [31] , isolated examples of specialized pollination syndromes have been documented sporadically in the fossil record [32, 33] . Nevertheless, there are no previous examples from the fossil record that have identified specialized floral morphotypes based on (1) multiple plant-host taxa with similar floral morphologies as evidenced by single aggregations of pollen grains collected by a single pollinator species; (2) documentation of specialized types of pollen collected during the same foraging event; and (3) knowledge of the specific plant-community context from which the pollinated plants and pollinating insects originate.
The family Apidae currently is the most diverse lineage of bees, consists of ecologically important pollinators, and comprises familiar taxa such as carpenter bees, digger bees, and cuckoo bees but also includes the clade of corbiculate bees: the four tribes of Euglossini (orchid bees), Bombini (bumble bees), Meliponini (stingless bees), and Apini (honey bees) [34] . The corbiculate bees include notable eusocial lineages [35, 36] and some of the most prominent agricultural pollinators. All corbiculate bees possess a specialized expansion of the metatibia to form a characteristic ''pollen basket,'' or corbicula, for transport of actively collected pollen back to the nest for use in provisioning brood cells [34] . There are three additional tribes of corbiculate bees not currently known in the modern fauna: Electrobombini, Melikertini, and the aforementioned Electrapini [6] , the latter of which represent a diverse, entirely Eocene group of advanced eusocial bees closely related to the stingless bees (Meliponini), honey bees (Apini), and Melikertini [6] . Electrapines are known from Eocene deposits ranging from northern Europe to southern Asia [5, 6] .
The earliest pattern of pollen collecting within the Apidae has been suggested to be generalist foraging, based on the pollencollecting spectra of extant, corbiculate stingless bees [37] , of which the latest Cretaceous (70 mega-annum [Ma]) Cretotrigona prisca, a meliponine, is the oldest definitive bee [38] . Meliponines are derived within the Apidae [6, 39] and therefore may not be indicative of the groundplan floral-visitation habits of apid bees. Nonetheless, this general conclusion is buttressed by the presence of Paleocene (60 Ma) anthophorine (digger) bees from France [12] , most modern taxa of which are polylectic, as are putatively primitive apids such as many carpenter bees [34] . This pattern is not supported by narrowly oligolectic or monolectic bee pollination modes, attributed to pollination by inferred Apidae and Megachilidae (leafcutter bees), from several specialized flower morphotypes during the mid-Late Cretaceous (92 Ma) of New Jersey, USA [40] . Interestingly, given the reduced viability of corbicular pollen [16] , the electrapines at Eckfeld and Messel were perhaps more effective pollinators to those floral species that they visited for nectar or their own consumption of pollen, as compared to the narrowed suite of plants visited for the purposes of brood provisions that likely received minimal pollination service from such foraging bouts.
For more encompassing, deeper-time clades that include all bee lineages, there are two hypotheses that postulate particular, dominant patterns of pollen-collecting behavior. The first hypothesis states that the earliest bees were a mix of host-plant generalists, consisting of polylectic or perhaps oligolectic foragers [41] . The second hypothesis indicates that the earliest bees, presumably occurring during the mid-Cretaceous contemporaneous with early angiosperm diversification, were pollencollection specialists. This latter pattern is inferred from the biologies of closely related apoid wasps [6, 12] and the phylogenetic relationships among many primitive bee lineages whose members currently are pollen-host specialists [38, 42] . Further support for early bee pollen specialization is the common observation that monolecty or narrow oligolecty is a plesiomorphic condition that gives rise to broad oligolecty and then to polylecty in later bee lineages [43] . Supportive paleobotanical evidence consists of clumps of sticky eudicot pollen preserved as coprolites and sourced to particular flower morphologies that tentatively indicate specialized pollination by bees during the midCretaceous at 102 Ma [44] .
Discovery of additional Late Cretaceous body-fossil specimens would resolve the pollen-collection patterns for either the Apidae or the entire bee clade (Anthophila). Current evidence is available from five sources of data: (1) pollen spectra found on fossil bee bodies [12] ; (2) the pollen-collecting habits of extant lineages that are known descendants of fossil bees [3] ; (3) floral morphologies of Paleogene and Late Cretaceous flowers [40] ; (4) pollen-laden coprolites associated with particular flower structures [44] ; and (5) inferences regarding the ancestral states of pollen collection (polylecty, oligolecty, or monolecty) arising from phylogenetic analyses [6, 38] . Integration of these five approaches coupled with additional pollen data from fossil bee bodies would provide more definitive answers to the early ecological history of bee foraging and pollination.
EXPERIMENTAL PROCEDURES
The specimens are housed in the Naturhistorisches Museum Mainz, Landessammlung fü r Naturkunde Rheinland-Pfalz (NHMM) and the Forschungsinstitut und Naturmuseum Senckenberg, Frankfurt am Main (SNG). The studied insect fossils are preserved in the collections by immersing the slabs of oil shale in glycerine to prevent damage by desiccation [45] . The specimens were examined using a Leica MZ 9.5 Stereomicroscope equipped with standard incident UV illumination to locate the pollen load on the bee specimens. The fossil pollen grains were then non-destructively extracted from the bee specimens with the help of wax sticky pads mounted at the end of a preparation needle. The fossil pollen grains were investigated both by LM and SEM, using the single grain technique [46, 47] . Normal photographs were taken with a Leica MZ 16 Stereomicroscope and either a JVC (model KY-F70B) or a Nikon Coolpix 4500 digital camera. All photographs were processed using Adobe Photoshop CS6 (Adobe Systems). Statistical analyses were done using the statistical environment R 2.0-2 [48] (see Supplemental Information for additional details, including discussion of tests, test results, and tables expressing test results).
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